Erwinia amylovora causes fire blight, a destructive disease of rosaceous plants distributed worldwide. This bacterium is a nonobligate pathogen able to survive outside the host under starvation conditions, allowing its spread by various means such as rainwater. We studied E. amylovora responses to starvation using water microcosms to mimic natural oligotrophy. Initially, survivability under optimal (28°C) and suboptimal (20°C) growth temperatures was compared. Starvation induced a loss of culturability much more pronounced at 28°C than at 20°C. Natural water microcosms at 20°C were then used to characterize cellular, physiological, and molecular starvation responses of E. amylovora. Challenged cells developed starvation-survival and viable but nonculturable responses, reduced their size, acquired rounded shapes and developed surface vesicles. Starved cells lost motility in a few days, but a fraction retained flagella. The expression of genes related to starvation, oxidative stress, motility, pathogenicity, and virulence was detected during the entire experimental period with different regulation patterns observed during the first 24 h. Further, starved cells remained as virulent as nonstressed cells. Overall, these results provide new knowledge on the biology of E. amylovora under conditions prevailing in nature, which could contribute to a better understanding of the life cycle of this pathogen.
Introduction
Erwinia amylovora is the etiological agent of fire blight, a necrotic destructive disease affecting rosaceous plants such as pear, apple, and many ornamental species. In the last two centuries, this pathogen has spread worldwide causing serious economic losses (Vanneste, 2000; van der Zwet et al., 2012) . For this reason, E. amylovora has been cataloged as a quarantine organism in the European Union, where it is subject to phytosanitary legislation (Anonymous, 2000 (Anonymous, , 2003 .
Erwinia amylovora belongs to the Enterobacteriaceae family, which contains such well-known animal pathogens as Salmonella enterica and some strains of Escherichia coli. Similar to these species, E. amylovora is not an obligate pathogen and is able to survive in the environment and to be spread by a variety of means, including rainwater, wind, insects, birds, or contaminated pruning tools which are precisely regulated at the genetic level (Matin et al., 1989; Kjelleberg, 1993; Lauro et al., 2009) . Many nonsporulating bacteria trigger a starvation-stress response characterized by the maintenance of culturability over time (Roszak & Colwell, 1987; Morita, 1997) . Nutrient scarcity can also induce entry into the viable but nonculturable (VBNC) state, in which viable, stressed cells lose their ability to grow on rich media (Colwel & Grimes, 2000; Oliver, 2010) . These physiological states are influenced by incubation temperature, although the effects of this stressing factor vary depending on the species analyzed (Gauthier, 2000; Arana et al., 2010) . In some cases, reductive division is observed after exposure to oligotrophic conditions (Oliver et al., 1991; Byrd, 2000; Alvarez et al., 2008) . Regulation of morphology and motility in nutrient-poor environments has also been described in a variety of bacterial species to optimize the sequestering of available nutrients or the preservation of energy (M ard en et al., 1985; Wei & Bauer, 1998; Alvarez et al., 2008) . Previous studies have demonstrated the ability of E. amylovora to withstand nutrient scarcity in different environments, such as the calyx of mature apples (Ordax et al., 2009) , in mineral medium lacking carbon and phosphate sources (Ordax et al., 2006) , or in distilled water or rain water (Santander et al., 2012) . Nevertheless, little is known about the cellular and molecular mechanisms underlying E. amylovora adaptive responses to starvation. Knowledge of factors affecting the persistence of this pathogen in the nutrient-poor conditions characteristic of most natural environments would contribute to understanding its hidden life when it is not causing disease.
In this work, we showed the adaptive responses of E. amylovora to the low-nutrient conditions that the pathogen may encounter in most environments outside the host, such as soil or water, or even in the host, as an epiphyte in the phyllosphere or as an endophyte during host dormancy when bacterial cells do not find enough resources to multiply (Vanneste & Eden-Green, 2000) . Given the importance of water for E. amylovora dissemination and epiphytic colonization or flower infection (Pusey, 2000; van der Zwet et al., 2012) , as well as its oligotrophic characteristics, natural water microcosms were used to mimic the multiple nutrient starvation regime prevailing in nature. We first studied the effect of incubation temperature on the survival responses developed by the fire blight pathogen when subjected to nutrient limitation in different waters. From these experiments, we selected one temperature to characterize E. amylovora responses to starvation by temporal monitoring of population dynamics, cell morphology, motility, pathogenicity/virulence, and gene expression. We included genes related to starvation (cstA, dps, relA, rpoS, and spoT) and oxidative stress detoxification (katA, katG, and oxyR). The expression of genes related to the ability of E. amylovora to cause disease (dfoA, hrpL, rcsB, and rlsA) or to move (flgN) was also analyzed.
Materials and methods
Bacterial strains and culture conditions Two E. amylovora strains isolated from different geographical areas and hosts, whose genomes have been sequenced and annotated (Sebaihia et al., 2010; Smits et al., 2010) , were used in all the experiments: CFBP 1430, isolated from Crataegus sp. in France and ATCC 49946, isolated from Malus domestica in North America. Strains were cryopreserved at À80°C in 25% (v/v) glycerol and streaked on King's B (KB) agar plates (King et al., 1954) to obtain starter inocula for the experiments. Erwinia amylovora strains employed in this study were grown at 28°C. Overnight cultures were prepared by inoculating a single 48 h colony into liquid KB with shaking (200 r.p.m.) for 16-18 h. Culturable cell counts were carried out on KB agar plates.
Water microcosm preparation
For water microcosms, Turia's river water (Valencia, Spain) and mineral water from Segovia (Spain) were filtered through a pore size of 0.22 lm in a Stericup Vacuum System (Millipore, St Quentin en Yvelines, France) and autoclaved at 121°C for 20 min. The pH of these water samples was around neutrality (7.3 in the case of river water and 6.6 in mineral water). Mineral nutrient composition of river water was (values per liter) as follows: carbonates, 11.6 mg; chlorides, 176 mg; nitrates, 30 mg; and sulfates, 330 mg. In the case of mineral water, nutrient contents were as follows: carbonates, 10.4 mg; chlorides, 0.7 mg; and nitrates, 2.8 mg. Organic matter contents in river and mineral waters estimated by biochemical oxygen demand were below 1.8 and 0.1 mg L À1 , respectively. All water microcosms were prepared with the same samples, although some samples from Toby creek (Charlotte, NC) and other mineral waters with similar characteristics to the above mentioned were used.
To inoculate microcosms, overnight cultures of each E. amylovora strain obtained as specified above were diluted 100-fold in 110 mL fresh liquid KB and incubated at 28°C (200 r.p.m.) until an A 600 nm of 0.13 AE 0.03 (about 2 9 10 8 CFU mL
À1
) was reached. A volume of 100 mL of these cultures was centrifuged at 4424 g for 7 min at room temperature in a JS-5.3 rotor (Beckman Coulter, Santa Clara, CA) with the pellet washed twice with the initial volume of the natural water being tested (100 mL). Once inoculated, mineral and river water microcosms were immediately incubated at the desired temperatures for the required time in the dark, without shaking. Temperatures selected in this study were 20 and 28°C, which are temperatures at which this bacterial species is able to grow and cause disease under laboratory and field conditions. Aliquots from these microcosms, prepared in duplicate in three independent experiments, were periodically taken to perform different analyses, as detailed below.
Monitoring of bacterial population dynamics
Culturable, viable, and total cell population dynamics were followed overtime after the inoculation of river and mineral water microcosms. Cell counts were determined in three independent experiments performed in duplicate, and average values AE standard deviations (SD) calculated.
Culturable cell counts
To study the effect of the incubation temperature on the culturability of starved E. amylovora cells, river and mineral water microcosms incubated at 20 and 28°C were sampled for plate counts on KB agar at time 0 and then every 2 days for 10 days. To monitor culturability for an extended period, new microcosms incubated at 20°C were prepared and sampled periodically by plate count for up to 40 days postinoculation (dpi). Culturable cell counts were assessed by the drop plate method, as previously described (Santander et al., 2012) .
Total and viable cell counts
The number of viable and total cells was determined overtime after staining of 1 mL aliquots of each microcosm with the Baclight Live/Dead (Invitrogen) viability kit as described by the manufacturer. Cell counts were assessed by epifluorescence microscopy (EFM) with a Nikon Eclipse E800 microscope (Nikon Instruments, Melville, NY) equipped with a fluorescence B-2A filter (EX450-490, BA520). Briefly, stained aliquots were diluted 10-fold in 10 mM phosphate-buffered saline pH 7.0 (PBS), and cells collected onto a 0.22-lm pore-size black polycarbonate filter (Millipore, Bedford, MA). A minimum of 300 cells were counted in at least 20 fields at a magnification of 9 1250. In initial experiments at 20 and 28°C, total and viable cell counts were assessed at times 0, 2, 6, and 10 dpi. In subsequent experiments at 20°C, inoculated microcosms were sampled for viable and total cell counts at 0, 2, 5, 10, 20, and 40 dpi.
Cell morphology and motility analysis
Both the morphology and the motility of E. amylovora cells starved in river water microcosms for 40 days at 20°C were analyzed overtime in three independent experiments performed in duplicate.
Morphology changes were monitored by transmission electron microscopy (TEM). For this purpose, 10 mL aliquots were collected at times 0, 2, 10, and 40 dpi. Cells were pelleted by centrifugation for 7 min at 4424 g at room temperature and fixed with 2.5% glutaraldehyde for 2 h in the dark. To remove the fixing agent, cells were centrifuged at 10 500 g for 2 min, washed twice with filtered-sterilized deionized water ( di H 2 O), and finally resuspended in 0.1 mL di H 2 O. Samples were stored at 4°C in the dark until examined. For TEM observations, 10 lL drops from fixed samples were deposited over a 500 mesh copper TEM grid for 1 min, dried with filter paper, and negatively stained for 5 s with 2% phosphotungstic acid. Samples taken at time 0 were used as controls. Images were acquired with a JEOL JEM-1010 transmission electron microscope (JEOL, Tokyo, Japan) with a CCD MegaViewIII digital camera (Soft Imaging System, Boulder, CO) and the capture program ANALYSIS 3.2. A minimum of 200 cells per sample were photographed and analyzed with 'Particle Analysis' of IMAGEJ software (http://rsb.info.nih.gov/ij/).
To monitor motility, starved cells were observed at a magnification of 9 1250 by phase-contrast microscopy with a Leica DM LB microscope (Leica GmbH, Heidelberg, Germany) at times 0, 1, 4, and 8 h postinoculation (hpi) and at 1, 2, 3, 4, 5, 6, 7, 10, 20, 30 , and 40 dpi.
Temporal analysis of gene expression
The expression of genes related to starvation (cstA, dps, relA, rpoS, and spoT), oxidative stress (katA, katG, and oxyR), pathogenicity or virulence (dfoA, hrpL, rcsB, and rlsA), and motility (flgN) was monitored overtime in cells starved in Spanish river water microcosms at 20°C for 40 days. Two genes were tested as controls for sample normalization in the RT-PCR: rrs (16S subunit of rRNA) and gapDH (glyceraldehyde 3-phosphate dehydrogenase), although only rrs showed constitutive expression under the conditions assayed (Fig. 1) . Thus, this gene was chosen to normalize results in both E. amylovora strains. Expression analyses were repeated at least three times with each strain, in independent experiments. Some repeats were also performed with river water collected in the USA (Charlotte, NC) or mineral waters from different geographical areas. Mean values and SD were calculated after normalization to control RNA.
Primer design
Primers used for RT-PCR are shown in Table 1 . Primer design was conducted with PRIMER3 software (Rozen & Skaletsky, 2000) . Different annealing temperatures (T a ) were tested with each pair of primers, and finally, a single T a , 54.5°C, was used for the analysis of all genes.
RNA sampling and processing
To sample RNA, 0.5 mL aliquots were periodically taken from water microcosms. All aliquots were immediately mixed with 1 mL of RNA Protect Bacteria Reagent (Qiagen, Courtaboeuf, France), processed according to the supplier's instructions, and stored at À80°C prior to the RNA extraction.
Total RNA was isolated from RNA-protected samples with the RNeasy mini kit (Qiagen) following the manufacturer's specifications. RNA extracts were treated with DNase I (DNAfree kit; Ambion, Austin, TX) to remove residual genomic DNA (gDNA). Before reverse transcription PCR (RT-PCR), a conventional E. amylovora-specific PCR (Taylor et al., 2001 ) was carried out to examine for the presence of contaminant gDNA, using 2 lL of each RNA sample as template.
RT-PCR
An endpoint RT-PCR analysis was carried out at times 0, 1, 3, 5, 7, 10, 20, and 40 dpi with the Access RT-PCR System (Promega, Madison, WI). Total RNA was quantified with a Nanodrop 2000 spectrophotometer (Thermo 
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*Both the gapDH and rrs genes were initially used as internal controls for expression studies, but based on initial results, only rrs was ultimately employed for this purpose.
Scientific, Wilmington, DE), and 50 ng were used for the analysis of each gene. Concentrations of the reaction buffer, MgCl 2 , dNTPs, primers, AMV reverse transcriptase, and Tfl DNA polymerase employed in each RT-PCR reaction were those recommended by the manufacturer's instructions, in a final volume of 25 lL. A negative control consisting of 2 lL nuclease-free water was used in every round of RT-PCR to check for possible nucleic acid contamination. For the RT, an initial incubation at 45°C for 45 min was performed, followed by a 2 min step at 94°C to inactivate the AMV reverse transcriptase and to denature cDNA for the subsequent PCR. Amplification of cDNA was carried out using 44 cycles of denaturation at 94°C for 30 s, annealing at 54.5°C for 30 s, and extension at 68°C for 30 s, followed by a final extension step at 68°C for 7 min. Additionally, to study the regulation of gene expression during the first hours of exposure to nutrient-stressing conditions at 20°C, a semi-quantitative RT-PCR was performed similar to that described by Rezzonico & Duffy (2007) . For this purpose, new river water microcosms were prepared and RNA collected at times 0, 2, 4, 6, 8, and 24 hpi. The number of cycles employed to amplify target cDNA was optimized individually for each primer pair, to ensure they fell within the exponential phase of the amplification reaction (Rezzonico & Duffy, 2007) . All primer pairs showed exponential amplification of the cDNA in the range of 24-36 cycles, using 25, 50, and 100 ng tRNA as template. Then, semi-quantitative RT-PCRs with all primer pairs were carried out with 33 amplification cycles at the temperature cycles and times specified above.
Aliquots of 10 lL from RT-PCR reactions were run on a 1% agarose gel and stained for 10 min with 1 lg mL À1 ethidium bromide. Band densities were analyzed with IMAGEJ software (http://rsb.info.nih.gov/ij/). The expression level of each target gene overtime was normalized to the expression of the constitutively expressed rrs gene. Expression levels at a given time were also represented as a percentage, relative to the expression at time 0.
Pathogenicity and virulence assays on immature fruits and pear plantlets
The pathogenicity of E. amylovora cells starved at 20°C in river and mineral water microcosms was determined at 0, 20, and 40 dpi, inoculating direct aliquots of water microcosms into immature pears (Pyrus communis cv. Williams), loquats (Eriobotrya japonica cv. Tanaka), and 4-week-old pear plantlets (P. communis cv. Passe Crassane). Additionally, the virulence of E. amylovora cells starved at 20°C in river water microcosms was studied at 0 and 40 dpi by inoculation of 10-fold serial dilutions of water microcosms in pear fruits and plantlets.
Prior to inoculation, fruits were washed with tap water, surface disinfected with 2% (w/v) sodium hypochlorite for 5 min, rinsed with sterile distilled water, and allowed to dry under aseptic conditions. To obtain pear plantlets, seeds were manually extracted from mature fruits, surface disinfected with 3% (w/v) sodium hypochlorite for 5 min and rinsed with sterile distilled water. Disinfected seeds were stratified in wet river sand at 4°C until their germination (3-6 weeks). Seedlings were transferred to soil and grown in a greenhouse for 3 weeks with natural illumination, 65-70% relative humidity, and maximum day/night temperatures of 26 and 23°C, respectively.
For pathogenicity assays, immature fruits were inoculated similar to that described by Cabrefiga & Montesinos (2005) . Briefly, pears and loquats were wounded four times with a sterile 100 lL pipet tip. Then, 2 lL aliquots from water microcosms were inoculated into each wound (four wounds per fruit). Pear plantlets were inoculated according to Ruz et al. (2008) , by cutting two young expanded leaves (two cuts per leaf and four cuts per plantlet) with scissors previously dipped into aliquots of water microcosms. In virulence assays, immature pear fruits were inoculated as described above, with either direct aliquots or 10-fold dilutions of E. amylovora-inoculated river water microcosms. To inoculate pear plantlets with known doses of E. amylovora starved cells, the upper part of the stem (about 2 cm in length) was cut off and, similar to fruit inoculation, 2 lL aliquots from microcosms (or their dilutions) were placed on the wound generated by the cut.
Positive and negative controls were inoculated as described above, with overnight cultures of each strain or sterile PBS, respectively. All assays were carried out with each E. amylovora-inoculated water microcosm, prepared in duplicate in three independent repeats (a total of six microcosms per type of water, strain, and starvation period assayed). One pear, one loquat, and two pear plantlets were inoculated per microcosm in pathogenicity tests. One pear and two pear plantlets were inoculated per microcosm in virulence assays.
Inoculated fruits were incubated in the dark at 28°C in a moist chamber for 1-3 weeks. Challenged plantlets were incubated under controlled conditions (16 h of light at 28°C, 8 h of dark at 24°C, and high relative humidity) for 3 weeks. Fruits and plantlets were periodically monitored for development of fire blight symptoms. To confirm our results, symptomatic fruits and plantlets were processed to re-isolate E. amylovora on culture media and to confirm identification by specific PCR. Protocols for plant material processing, bacterial isolation, DNA extraction, and PCR conditions to detect E. amylovora from extracted DNA were performed according the diagnostic protocol PM7/20 of the European Plant Pathogen Organization (EPPO) standards (EPPO, 2013) .
Statistical analysis
Culturable, viable, and total cell counts were log transformed prior to the statistical analysis. All quantitative data were represented as means AE SD. Statistical significance of differences between means was assessed by analysis of variance (ANOVA). Depending on the experiment, different factors were compared: strain, type of water, incubation temperature, time, and/or experiment. Comparison of cell-shape descriptors in starved cells and control fresh cultures at time 0 was determined using a Student's t test. A P-value ≤ 0.05 was considered significant.
Results
Temperature affects the survival strategies adopted by E. amylovora cells starved in natural waters
Results of E. amylovora (strains CFBP 1430 and ATCC 49946) responses to oligotrophy in two types of water incubated at two temperatures (20 and 28°C) are shown in Fig. 2 . Statistically significant differences between strains were detected in colony counts (P < 0.05) in both types of microcosms and incubation temperatures assayed ( Fig. 2a and b vs. Fig. 2c and d) . Nevertheless, trends in cell population dynamics of both the European and the North American strains were similar, likely describing the general behavior of E. amylovora in response to the conditions assayed. The analysis of incubation temperature effects on population dynamics of E. amylovora cells starved in natural waters revealed a greater decrease in colony counts (P < 0.05) in microcosms incubated at 28°C compared with those at 20°C (Fig. 2) , regardless of the type of water employed in the microcosms. At 28°C, a decline in culturability of about 2-3 log units was observed in both strains during the 10-day period, reaching values around 10 6 -10 5 CFU mL
À1
. Conversely, E. amylovora cells incubated at 20°C maintained culturability at high numbers, with only slight decreases (< 0.5 log units) after 10 days of starvation. The European strain CFBP 1430 showed small but significantly (P < 0.05) higher culturable counts (Fig. 2a and b) than the North American strain ATCC 49946 ( Fig. 2c and d) within the assayed period.
Total and viable cell counts of both E. amylovora strains remained nearly constant in river and mineral water microcosms at the two incubation temperatures assayed (Fig. 2) . Thus, incubation temperature did not affect bacterial viability or cell integrity during the 10-day period. Considering that culturability gradually decreased below initial levels without a reduction in viability, it is concluded that a subpopulation of E. amylovora culturable cells adopted the VBNC state, while another fraction of cells persisted in a nongrowing but culturable state, developing a starvation-survival response. These two survival strategies were observed regardless of the assayed strain or the type of water. The maintenance of culturability was strongly temperature dependent, being favored at 20°C and markedly reduced at 28°C. Based on these results, we selected the temperature (20°C) allowing an Closed squares and triangles represent culturable cell counts from microcosms incubated at 20 and 28°C, respectively. Open circles and triangles represent total and viable cell counts, respectively. As no differences were observed between total and viable cell counts of cells starved at 20°C and at 28°C, only those corresponding to 28°C are shown. Each data point shown corresponds to the average value of at least three independent experiments performed in duplicate. Bars represent the SD.
extended survival in culturable state to study E. amylovora responses to nutrient scarcity for a longer period of time.
Characterization of E. amylovora adaptive responses to starvation at 20°C over a 40-day period Population dynamics of starved cells Figure 3 shows survivability of E. amylovora cells (strains CFBP 1430 and ATCC 49946) starved in river or mineral water microcosms incubated at 20°C for 40 days. No significant differences in colony counts were observed between the two types of water in the two assayed strains, but the European strain CFBP 1430 again showed higher culturable cell numbers (P < 0.05; Fig. 3a and b) than the North American one ATCC 49946 ( Fig. 3c and d ) during the entire assay period. Plate counts slightly decreased during the first 10 dpi (Fig. 3) , about 0.28 log units in the case of strain CFBP 1430 and 0.37 log units in the case of strain ATCC 49946, similar to the results observed in the culturability studies of Fig. 2 . At the end of the experimental period (40 dpi), culturable cell counts were about 2 9 10 7 and 5 9 10 6 CFU mL À1 in the European and North American E. amylovora strains, respectively. Total and viable cells remained at initial levels (c. 10 8 cells mL
) over the entire 40-day experimental period in both strains and in the two types of water assayed. Hence, starvation conditions at 20°C triggered a slow entry into the VBNC state, although high culturable cell numbers were still present at the end of the experiment.
Morphology and motility changes in starved cells
TEM photographs of E. amylovora strains CFBP 1430 (Fig. 4a-e) and ATCC 49946 (Fig. 4f-j) starved in river water microcosms at 20°C over a 40-day period are shown in Fig. 4 . Control cells at time 0 (Fig. 4a and f) showed the typical rod-shaped morphology (circularity values of 0.49 AE 0.05 SD in CFBP 1430 and 0.45 AE 0.17 SD in ATCC 49946) and exhibited long peritrichous flagella attached to the bacterial surface ( Fig. 4a and f) . Lengths of the European and the North American E. amylovora strains at time 0 were 1.84 AE 0.27 and 2.22 AE 0.48 lm SD long, respectively. Exposure to nutrient scarcity in river water at 20°C induced the acquisition of a rounded shape in subpopulations (between 30% and 40%) of both strains ( Fig. 4b and g ), reaching the highest circularity values at 40 dpi (0.74 AE 0.10 SD in the strain CFBP 1430 and 0.60 AE 0.25 SD in the strain ATCC 49946). In addition, cells reduced their cell size (to 1.73 AE 0.23 lm SD in the case of strain CFBP 1430 and 1.82 AE 0.33 lm SD in that of strain ATCC 49946) at time 40 dpi with respect to time 0 (P < 0.05). These responses were observed in a small percentage of cells incubated even after 2 dpi. Elongated cells reaching lengths up to 5 lm were also observed at different times ( Fig. 4c and h ). Most cells of the two studied strains subjected to starvation conditions showed small flame-shaped vesicles of c. 42 nm in length at the surface of the outer membrane (Fig. 4d , e and i). These vesicles were not observed in cells at time 0 (Fig. 4a and f ), but were visualized in starved cells between 2 and 40 days. An exopolysaccharide (EPS) layer was visualized surrounding E. amylovora cells in samples at time 0 and at different periods of starvation (Fig. 4j) . Regarding motility, direct observation of E. amylovora cells (strains CFBP 1430 and ATCC 49946) from microcosms inoculated in independent experiments revealed a high number of motile cells at time 0 that decreased progressively during the following 72 hpi. No motile cells were observed in samples analyzed from time 4 to 40 dpi. However, TEM observations revealed the presence of long peritrichous flagella attached to the surfaces of many bacterial cells over the entire experimental period (Fig. 4a, d , f and g). Unattached, broken flagella were also observed in many of the analyzed samples (Fig. 4g) .
Gene expression changes in starved cells
The endpoint RT-PCR analysis of selected genes in E. amylovora cells starved in river water microcosms at 20°C at different times revealed equivalent expression profiles in both the European and the North American strains, with transcripts of all analyzed genes detected at time 0 (data not shown). The endpoint RT-PCR expression analysis allowed the detection of defined bands corresponding to the expression of all genes studied in the two E. amylovora strains at all the assayed periods in all types of environmental water microcosms analyzed (data not shown).
Graphs corresponding to the semi-quantitative analysis of gene expression during the first 24 h of exposure of the two E. amylovora strains to starvation at 20°C are shown in Fig. 5 . Three different regulation patterns were observed, based on normalized band densities at each assayed time. Both strains developed equivalent genetic regulation patterns in the three microcosms (inoculated in independent experiments) analyzed.
Two of the three different expression profiles were observed in starvation-related genes (Fig. 5a ). The first one consisted of the maintenance of expression levels overtime, as was detected in the dps gene in both the European and the North American E. amylovora strains. The second regulation pattern was the most common among all analyzed genes and consisted of a shift of expression levels in the first hours after the inoculation (usually a decrease, corresponding to a down-regulation), with a partial or total recovery of initial values in the following hours. This was seen in cstA, relA, rpoS, and spoT in the two strains.
With minor differences, expression analysis of oxidative stress-related genes (katA, katG, and oxyR) revealed a regulation pattern similar to that observed with cstA, relA, rpoS, or spoT genes in both the European and the North American strains (Fig. 5b) .
Regarding to the regulation of motility and pathogenicity/virulence genes included in this work, flgN and rcsB showed the second regulation pattern described above (Fig. 5c) . Genes hrpL, rlsA, and dfoA showed a third regulation pattern, different to all observed in the rest of the genes analyzed (Fig. 5c) . Transcripts of these genes exhibited a drastic depression of their levels within the first 2-6 hpi, with their expression values then being maintained or slightly reduced throughout the following 18-22 hpi. This regulation pattern was very similar in the two E. amylovora strains. Finally, the control gene rrs (analyzed in parallel, together with the other genes) maintained its expression in the initial levels throughout the entire experimental period.
Erwinia amylovora 40-day starved cells remained pathogenic and as virulent as control cells
Representative pictures showing characteristic fire blight symptoms in all types of inoculated plant material in pathogenicity and virulence assays are shown in Fig. 6 . In pathogenicity assays, immature fruits (pears and loquats) and pear plantlets inoculated with direct aliquots of mineral and river water microcosms containing cells of both E. amylovora strains starved for 0, 20, and 40 dpi developed characteristic fire blight symptoms within 2-3 days of inoculation (Fig. 6a-d) , regardless of the inoculated strain, the type of water microcosm, or the starvation period. Symptoms in immature pears consisted of progressive necrotic lesions and abundant exudates (Fig. 6a) . Blighted loquats mainly showed necrosis surrounding the inoculated wound (Fig. 6b) , although exudates were also observed in some cases. Symptoms in pear plantlets inoculated by cuts in leaves consisted of an initial necrosis surrounding the inoculation site that progressed to the rest of the leaf, petiole (Fig. 6c) , and the stem, which finally wilted (Fig. 6d) and became completely necrotic. In a few cases, light brown exudates were observed in some necrosed petioles. Identical symptoms were also observed in positive controls, but not in negative controls inoculated with sterile PBS (Fig. 6f-i) .
Results corresponding to virulence assays with 0-and 40-day starved E. amylovora cells in river water at 20°C are shown in Table 2 and Fig. 6 . All pear fruits and plantlets inoculated with decreasing 10-fold dilutions of 40-day starved cells (from about 2-4 9 10 4 to 2-4 CFU per wound) developed similar fire blight symptoms to those observed in plant material inoculated with equivalent numbers of cells at time 0, regardless of the inoculated strain. In some cases, 40-day starved cells of strain CFBP 1430 were able to cause fire blight in plantlets (but not in fruits) inoculated with < 1 CFU per wound (Table 2) . Representative disease symptoms in pear plantlets inoculated after cutting off the upper part of the stem are shown in Fig. 6e . These started with an initial necrosis at the inoculation site, with abundant exudates in plantlets inoculated with high bacterial doses. Necrosis progressed to tissues below the inoculation site, reaching petioles and leaves (Fig. 6e) . Negative controls did not show any of these symptoms (Fig. 6j) .
Erwinia amylovora was re-isolated on culture media from diseased fruits and plantlets, either from exudates or necrotic lesions, and the identity of random selected colonies was confirmed by species-specific PCR. In challenged plants, the pathogen was also detected by PCR from tissues or organs different to the inoculation site.
Discussion
As is the case with other phytopathogenic bacteria, E. amylovora is a heterotrophic species adapted to grow ; detail of a pear plantlet inoculated after cutting off the end of the stem (e, j), with leaves still healthy and necrosis progressing from the inoculation site to lower parts of the stem and petioles, which start to wilt (e). at favorable temperatures when nutritional resources are abundant. However, bacteria rarely find these idyllic conditions in nature, not even in the host, some of the main causes being the oligotrophic nature of most ecosystems (Morita, 1997) and/or fluctuations of temperature (Gauthier, 2000) . In our study, E. amylovora cells subjected to starvation at two temperatures favorable for growth (20 and 28°C) developed two survival strategies, the starvation-survival and the VBNC responses. However, the adoption of these survival strategies was dependent upon temperature, with the starvation-survival response being favored at 20°C and the VBNC response at 28°C. Our results are similar to those reported for E. coli cells starved in river water (Flint, 1987) or in sterile saline solution (Arana et al., 2010) . In both cases, incubation temperatures below the optimal for cell growth in rich media (< 28°C in E. amylovora and < 37°C in E. coli) favored maintenance of culturability overtime, probably via a reduction in cellular damage as a consequence of a slowing down of their metabolism at these temperatures (Arana et al., 2010) . A subpopulation of E. amylovora starved cells experienced a reduction in cell size and/or the adoption of coccoid shapes. This phenomenon has been attributed to the optimization of the cells' energetic resources through the increase in the surface/volume ratio (Roszak & Colwell, 1987; Morita, 1997; Byrd, 2000; Nystr€ om, 2004) . The enhanced biological fitness of small bacteria has also been suggested by avoiding predation by protists in nonhost environments (Byrd, 2000) . Reductive division is a common bacterial response to starvation that usually explains the decrease in cell size (Morita, 1997; Byrd, 2000; Nystr€ om, 2004) . However, E. amylovora did not increase cell numbers after its exposure to oligotrophy, so reductive division may not be an explanation for this phenomenon. The process of size reduction in nondividing cells, also called dwarfing, is a mechanism regulated by starvation that consists in the degradation of endogenous material, including cell envelopes (Nystr€ om, 2004) . In some bacterial species, a preferential degradation of the cell wall and the cytoplasmic membrane results either in a contraction of the outer membrane (Nystr€ om, 2004) or in the release of outer membrane small vesicles (M ard en et al., 1985; Byrd, 2000; Nystr€ om, 2004; Alvarez et al., 2008) . In our study, TEM analysis revealed the formation of small vesicles on the outer membrane of E. amylovora starved cells, which may explain the cell size reduction observed and suggesting a type of adaptation to starvation in this pathogen. Some ecological roles attributed to these vesicles include the delivery of substances to favor interspecific communication, attack of competitors, or biofilm formation ( Alvarez et al., 2008; Tashiro et al., 2012) .
In natural systems with a low-nutrient content bacterial motility may represent an advantage, allowing cells to search for additional nutrients. However, at the same time, this trait is energy expensive, so the loss of motility may be considered as another form of adaptation to enhance the survival of starved bacteria. The direct observation of E. amylovora cells by phase-contrast microscopy indicated the existence of motile cells no longer than 3 days after microcosm inoculation, although TEM images revealed the presence of peritrichous flagella in many cells during the 40-day starvation period. These results are similar to that observed in rhizobia or vibrios, although different behaviors have been described in other bacterial species exposed to similar conditions (Wei & Bauer, 1998) .
Molecular and physiological responses to oligotrophy have been widely studied in different bacterial pathogens (Matin et al., 1989; Kjelleberg, 1993; Lauro et al., 2009) . However, such studies in E. amylovora are very scarce. In this work, we analyzed the expression of a selection of genes related to starvation (cstA, dsp, relA, rpoS, and spoT), oxidative stress (katA, katG, and oxyR), motility (flgN), and pathogenicity and virulence (dfoA, hrpL, rcsB, and rlsA) in E. amylovora cells starved at 20°C. Endpoint RT-PCR analyses revealed the continued expression of all analyzed genes, including the control gene rrs, throughout the entire experimental period, indicating an active metabolism of E. amylovora cells while starved. Some of the studied genes, for example rpoS, katG, and oxyR, have been directly related to the maintenance of culturability in different pathogens exposed to similar conditions (Kong et al., 2004; Oliver, 2010; Flores-Cruz & Allen, 2011; Kusumoto et al., 2012) . The gene rpoS encodes an alternative sigma factor of the RNA polymerase that regulates the expression of multiple genes, including the starvation-related genes cstA and dps (Dubey et al., 2003; Nair & Finkel, 2004) , and has an important role during the general response to stress (Anderson et al., 1998; McDougald et al., 2002; Hengge, 2011) . The functions of oxyR (encoding a regulator of genes in response to hydrogen peroxide) and katA and katG (encoding catalases) are linked to oxidative stress detoxification, which appears to have a key role in the ability of starved bacteria to form colonies on solid media (Kong et al., 2004; Oliver, 2010; Flores-Cruz & Allen, 2011 ). Other starvation-related genes which expression was detected during the entire experiment were dps, which encodes an unspecific protein that binds to DNA during starvation and other stresses, cstA, encoding a peptide transporter induced by carbon starvation, and relA and spoT, which participate in the synthesis of the alarmone ppGpp, which accumulates in cells subjected to amino acid starvation and favors transcription of genes related to starvation and virulence.
The continued expression of flgN (a gene involved in flagellar biosynthesis) might be related to the presence of peritrichous flagella attached to E. amylovora cells' surface during the 40-day starvation period. Interestingly, these cells lost motility 3 days after their inoculation into oligotrophic microcosms. In other bacterial models, this phenomenon is a consequence of the reversible nature of motility inactivation during starvation. While the entire bacterial cell population loses motility, flagellar integrity is lost only in a fraction of cells, enabling a rapid recovery of motility in a subpopulation of cells when adequate stimuli are present (Wei & Bauer, 1998) .
The detection of transcripts of virulence and pathogenicity genes during the entire study period was consistent with the in vivo virulence and pathogenicity results. E. amylovora cells starved for 40 days in oligotrophic water microcosms were able to infect and to cause disease similar to cells at time 0. The maintenance of pathogenicity and/or virulence in cells subjected to oligotrophy has also been reported in other plants and fish pathogenic bacteria (Larsen et al., 2004; Alvarez et al., 2008) and, together with the adoption of different survival strategies, changes in cell size and shape (including the formation of outer membrane vesicles), the regulation of motility, and the continued expression of all analyzed genes, reflects a variety of E. amylovora adaptations to starvation. Further, the continuous expression of the pathogenicity genes rcsB (involved in the biosynthesis of amylovoran, the main EPS of E. amylovora) and rlsA (encoding a regulator of the biosynthesis of levan, another major component of the EPS of E. amylovora) may also be linked to a strategy to enhance bacterial survival under nutrient-limited conditions. In fact, both EPSs have been shown to favor the survival of E. amylovora in carbon-free mineral medium (Ordax et al., 2010) and to protect cells from drying out (Jock et al., 2005) in nutrient-depleted conditions.
Semi-quantitative RT-PCR analyses allowed the monitoring of gene expression regulation throughout a 24-h period after the exposure of growing cells to an oligotrophic environment. Three different gene expression regulation patterns were observed during nutritional challenge, revealing rapid molecular responses to the new environmental conditions. The first pattern consisted of a minor variation in expression levels overtime and was only observed in the dps gene, which is involved in protection of DNA during starvation and other stresses. The second regulation pattern was observed in most of the analyzed genes, including starvation (cstA, relA, rpoS, and spoT) and oxidative stress (katA, katG, and oxyR) related genes, a gene linked to bacterial motility (flgN), and another one related to pathogenicity (rcsB). This pattern involved a two-step regulation process that consisted of an initial up-or down-regulation of expression levels and a second phase where transcripts reached a steady state. This type of pattern has been described in different organisms subjected to environmental changes, including bacteria exposed to starvation at environmental temperatures (Gonz alez-Escalona et al., 2006; Chechik & Koller, 2009 ) and would correspond to the activation of emergency responses after exposure to stress, allowing cells to reach a homeostatic adaptation to the new environment (Chechik & Koller, 2009 ). The third regulation pattern consisted of a sharp depression of gene expression followed by the maintenance of transcription at low levels. This pattern was observed in the rest of the virulence/ pathogenicity genes analyzed: dfoA (participates in the synthesis of the siderophore desferrioxamine), rlsA (related to levan synthesis), and hrpL (an alternative sigma factor that regulates the expression of pathogenicity genes). In E. amylovora, the expression of hrpL is modulated by environmental conditions and enhanced during host infection (Gaudriault et al., 1997; Pester et al., 2012) . Our results revealed a partial repression of the transcription of this gene and others related to virulence during the first 24 h of exposure to starvation, probably triggered by conditions unlikely to be encountered by this pathogen while causing disease.
Overall, results in this study have revealed different mechanisms exhibited by the fire blight pathogen to adapt to the nutrient-limiting conditions present in most natural environments, including soil, rain water, host surfaces, or overwintering cankers. The significance of bacterial responses to starvation in both the transmission and the persistence of the fire blight pathogen in natural ecosystems has long been underestimated. Our study provides new data concerning those stages of the E. amylovora life cycle in which it has to face nutrient scarcity, and contributes to a better understanding of the behavior of this bacterium under conditions more resembling those found in nature.
Statement
We describe Erwinia amylovora responses to starvation, including changes in population dynamics, cell morphology, cell shape, motility, and gene expression. No change in virulence.
